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Alzheimer’s Disease: Causes and Treatment  

Incidence

The prevalence of Alzheimer’s disease is strongly correlated with 
age. In a general community, 3% of those between 65 and 74 years of age 
had probable Alzheimer’s disease, compared with 18.7% of those 
between 75 and 84 years. In those over 85 the prevalence rose to 47.2% 
(Evans et al., 1989). In the United States it was estimated that in 2013 
there were 5.2 million patients with Alzheimer’s disease, costing $203 
billion in direct medical care and another $216 billion in care from unpaid 
caregivers (Thies & Bleiler 2013).

Predisposing Factors

The major predisposing factor for Alzheimer’s disease is age. 
Women are more likely to be affected than men. Diabetes, obesity and 
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lack of exercise predispose to the disease. The genetic environmental, 
nutritional and metabolic risk factors are discussed below.

Genetic

Only about 10% of the cases of Alzheimer’s disease are familial; about 
90% are classed as “sporadic,” with age being the major risk factor. A 
primary cause of the aging-associated damage is free radical damage 
(Harman, 1956). Factors other than aging can predispose individuals to 
the onset of Alzheimer’s disease, the major genetic factor being the 
apolipoprotein E genotype (Strittmatter and Roses, 1995). Apolipoprotein 
E (ApoE) is the lipoprotein involved in transport of lipids and cholesterol 
in the circulatory system. There are three major alleles, ApoE-2, ApoE-3, 
and ApoE-4. In one large kindred group of the ApoE-4 genotype, the onset 
of clinical symptoms was between 55 and 78 years of age (Martin et al., 
1997), demonstrating that this genetic factor predisposes individuals to a 
“late-onset” form of the disease.

Early-onset Alzheimer’s disease is associated with three genes that 
increase the production or deposition of β-amyloid protein. These include 
the precursor of amyloid protein, found in Alzheimer’s disease and in 
Down syndrome. Missense mutations in the presenilin 1 and 2 genes, 
which code for several secretases, involved in the catabolism of amyloid, 
lead to the early onset of an aggressive familial form of Alzheimer’s 
disease. Mutations in these genes result in the onset of Alzheimer’s 
disease, often in the 40s or 50s, but occasionally in the 30s. The 
increased incidence of early Alzheimer’s disease with genetic 
abnormalities in amyloid suggests that amyloid can exacerbate the 
inhibition of pyruvate dehydrogenase (PDH) (Hoshi et al., 1996). It 
follows that inhibition of cerebral PDH could be the primary cause of 
Alzheimer’s disease and the primary factor to be overcome in its 
treatment and prevention (Kashiwaya et al., 2000).

Environmental

Radiation is known to induce production of free radicals, or reactive 
oxygen species (ROS), and induce oxidant damage (Alexander and Stacey, 
1959; Riley, 1994; Szilard, 1959). Low levels of radiation, under 5 Gy, can 
induce both cognitive dysfunction and the pathological changes of 
neurodegeneration seen in both Parkinson’s and Alzheimer’s disease 
(Kempf et al., 2013). In cultured neurons, radiation also induced tau 
phosphorylation (Li et al., 2014), characteristic of both Alzheimer’s 
disease and frontotemporal dementia. These effects have application to 
cancer therapy, prolonged space flight, and exposure to nuclear radiation 
(Li et al., 2014).
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Traumatic brain injury (TBI) prematurely causes pathology similar to both 
Alzheimer’s and Parkinson’s disease (Dekosky et al., 2013; DeKosky et al., 
2010). In addition to the accumulation of amyloid and phosphorylated tau, 
patients with TBI can develop both cognitive impairment and 
Parkinsonian symptoms. In contrast to the damaging effects of brain 
trauma, physical exercise can retard neurodegeneration and decrease 
inflammation in brain (Cotman et al., 2007).

Nutritional and Metabolic

Type II diabetes is strongly associated with both vascular dementia and 
Alzheimer’s dementia (Ott et al., 1996; Xu et al., 2009). Diabetes has been 
shown to accompany an increase in dementia in twin studies (Kuusisto et 
al., 1997). Conversely, caloric restriction or intermittent fasting 
ameliorates amyloid accumulation (Mouton et al., 2009) and the cognitive 
deficits in the triple transgenic mouse models of Alzheimer’s disease 
(Halagappa et al., 2007).

Pathophysiology

The original clinical and pathological description of 
neurofibrillary tangles, amyloid plaques, paranoid ideation, and memory 
loss was given by Alois Alzheimer in 1907 (Alzheimer, 1907). Transgenic 
mouse models based on mutations in amyloid precursor protein and its 
processing show accumulation of amyloid and phosphorylated tau protein 
in their brains (Johnson-Wood et al., 1997). The most prevalent 
hypothesis to explain the pathophysiology of Alzheimer’s disease derives 
from the pathological findings described by Alzheimer of increased 
amyloid plaques and phosphorylated tau tangles. The theory that 
Alzheimer’s disease results from amyloid accumulation in the brain has 
been called the amyloid hypothesis (Selkoe, 1997). Alternatively, it is 
possible that an inhibition of brain PDH due to insulin resistance in the 
brain results in a deficiency in substrate availability in the tricarboxylic 
acid (TCA) cycle. Thus brain energy deficit and mild cognitive impairment 
can precede amyloid accumulation (Biessels and Reagan, 2015; Hoyer,
1991, 1996; Kuusisto et al., 1997; Talbot et al., 2012; Willette et al., 
2015). The accumulation of amyloid and phosphorylated tau protein 
exacerbates the preexisting inhibition of PDH (Hoshi et al., 1997a; Hoshi 
et al., 1996). Mutations in amyloid precursor protein (APP) are found in 
comparatively rare early-onset forms of the disease. Amyloid accumulates 
in brains of subjects with Alzheimer’s disease, but its accumulation does 
not correlate, either quantitatively or temporally, with the cognitive 
impairment or loss of brain volume (Josephs et al., 2008).
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Alterations in the alleles of the ApoE-4 lipoprotein (Roses, 2006) involved 
in cholesterol and lipid transport, are associated with predisposition to 
the more common late-onset form of the disease. While the association of 
the ApoE-4 allele with late-onset Alzheimer’s has been confirmed by 
exhaustive genomewide association studies (GWAS), no other major 
genetic links to Alzheimer’s disease were found (Naj et al., 2014). The 
majority of cases of late-onset Alzheimer’s disease are not associated with 
any identified genetic factor but are simply correlated with increased 
age. Alzheimer’s disease is, however, strongly correlated with insulin 
resistance both epidemiologically and pathophysiologically (Kuusisto et 
al., 1997; Ott et al., 1996; Reaven et al., 1990; Xu et al., 2009). The 
incidence of the disease can be increased by free radical damage, 
radiation, TBI, immune dysfunction, and indolence (Selkoe, 2001), all of 
which are also associated with insulin resistance (Zhai et al., 2011).

Evidence suggests that amyloid β-1-42 fragments? can stimulate the 
phosphorylation and hence the inhibition of PDH. This amyloid fragment 
can exert toxic effects on hippocampal neurons in culture (Kashiwaya et 
al., 2000), which is compatible with the report that amyloid can inhibit 
PDH (Hoshi et al., 1997b; Hoshi et al., 1996). Triple transgenic mouse 
models of Alzheimer’s disease, in addition to showing increased amyloid 
and phosphorylated tau deposits, also exhibit decreased 
fluorodeoxyglucose (FDG) uptake in brain (Nicholson et al., 2010). These 
findings are also compatible with the ability of ketone body metabolisms 
to bypass the inhibition of PDH and produce large amounts of acetyl CoA 
required to supply the Krebs cycle (Sato et al., 1995). These and other 
reports have led to the proposal that the amyloid cascade hypothesis be 
rejected (Herrup, 2015), although defenders of the amyloid hypothesis 
remain and propose that amyloid accumulation is a necessary 
accompaniment of the disease (Musiek and Holtzman, 2015).

Central to Alzheimer’s disease is the decrease in cerebral glucose use. 
Decreases in cerebral glucose metabolism occurs well before the clinical 
or pathological changes of Alzheimer’s disease (Blum-Degen et al., 1995;
Cunnane et al., 2011; Hoyer et al., 1991). Inhibition of brain PDH has 
long been reported in the autopsy specimens from brains of patients with 
Alzheimer’s disease (Gibson et al., 1998). Indeed, intracerebral injection 
of streptozotocin, a drug that inhibits insulin secretion, leads to a 
decrease in insulin synthesis in brain (Grunblatt et al., 2007). Decreases 
in brain oxidative metabolism lead to altered processing of amyloid 
precursor protein, increased amyloid accumulation (Hoyer, 1996), and to 
neuronal death. These changes in brain nutrient metabolism, which 
precede either the clinical or pathological changes of the disease, suggest 
that decreased brain insulin sensitivity (Talbot et al., 2012; Willette et al., 
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2015) and decreased brain energy production is an important factor in 
understanding the etiology of Alzheimer’s disease (Ding et al., 2013;
Morgen and Frolich, 2015). Indeed, a deficit in brain energy metabolism 
alters the processing of brain APP (Gabuzda et al., 1994), suggesting the 
possibility that the accumulation of amyloid in the brains of patients with 
Alzheimer’s disease results from a deficit in cerebral energy metabolism. 
The accumulation of protein is not unique to Alzheimer’s disease, but 
occurs in other neurodegenerative conditions as reflected in the 
accumulation of α-synuclein in Parkinson’s disease and huntintin in 
Huntington’s disease. These observations suggest that the accumulation 
of amyloid in the brains of patients with Alzheimer’s disease is secondary 
to a primary defect in cerebral energy metabolism resulting from PDH 
inhibition due to a decrease in cerebral insulin sensitivity. There is 
mounting evidence suggesting that brain insulin resistance is the major 
factor in the etiology of Alzheimer’s disease (Carro and Torres-Aleman, 
2004; Craft et al., 2012; de la Monte, 2012; Bomfim et al., 2012;
Kleinridders et al., 2014; Talbot et al., 2012). A recent study of patients 
with mild Alzheimer’s dementia were compared with cognitively normal 
age-matched controls and were found to have a decrease in cerebral

F-fluorodeoxyglucose uptake but no decrease in cerebral metabolism of
C-acetoacetate (Castellano et al., 2015). These results suggest that in 

patients with mild cognitive impairment, perfusion with a ketone body 
can overcome the metabolic defect resulting from the brain’s inability to 
use glucose. Indeed Alzheimer’s disease has been called type 3 diabetes 
(Steen et al., 2005) due to the decrease in insulin and insulin-like growth 
factor signaling mechanisms in autopsy specimens of patients with 
Alzheimer’s disease.

The metabolism of ketone bodies can, therefore, correct this insulin 
deficiency in brain because the metabolism of ketone bodies mimics the 
metabolic effects of insulin by increasing the production of acetyl CoA for 
use in the Krebs cycle in the absence of normal PDH activity (Kashiwaya 
et al., 1997; Sato et al., 1995). This property of ketone body metabolism 
renders the administration of ketone bodies a rational method for the 
therapy of this disease (Figure 26.1).

18
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Figure 26.1
D-β-hydroxybutyrate metabolism produces acetyl CoA, which enters the 
Krebs, tricarboxylic acid cycle by an alternative pathway that does not 
require the usual path through pyruvate dehydrogenase (PDH).

In addition to insulin resistance, patients with Alzheimer’s disease also 
show multiple physiological signs indicative of free radical damage (Wang 
et al., 2013). The metabolism of ketone bodies can reduce free radical 
damage by reducing the free cytosolic [NADP ]/[NADPH] ratio making it 
the lowest redox potential in the cell (Krebs, 1969). NADPH is the 
terminal destroyer of oxygen free radicals. Additionally, the β-
hydroxybutyrate molecule itself inhibits histone deacetylase (HDAC). This 
inhibition of HDAC allows the acetyl groups on histones to remain in 
place so that the tightly packed structure can be relaxed and available to 
the FOXO3 transcription factors which leads to the transcription of the 
enzymes responsible for the destruction of ROS (Offermanns, 2006;
Shimazu et al., 2013). The actual removal of the ROS is powered by 
NADPH of the free cytosolic [NADP ]/[NADPH] ratio (Krebs and Veech, 
1969).

Treatment

The hypothesis that amyloid accumulation is the central 
etiological factor leading to Alzheimer’s disease has led multiple 
pharmaceutical companies to develop monoclonal antibodies to removed 
amyloid. Active amyloid vaccine trials were suspended due to the 
development of meningoencephalitis (Schenk, 2002). Passive 
immunotherapeutics with two antibodies have failed to significantly 

+

+
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improve cognitive function or prevent progression but are now being 
tested in the early stage of the disease (Panza et al., 2014). Newer 
antibodies are currently being tested in asymptomatic individuals at risk 
of developing the disease, based on the amyloid β cascade hypothesis, in 
the hope that this approach will retard the development of clinically 
observable disease. It is fair to say that, to date, the results have been 
very disappointing (Prins and Scheltens, 2013).

An alternative treatment for Alzheimer’s disease has been developed 
based on the hypothesis that the disease results from a primary failure of 
the brain to develop both phosphorylation and redox energy. The therapy 
has been based on the observations that during starvation ketone bodies 
can replace glucose as the major metabolic fuel in brain (Cahill and Aoki, 
1980; Owen et al., 1967). The detailed effects of the metabolism of ketone 
bodies were not well understood. A study was undertaken to explore the 
metabolic effects of ketone body metabolism in the working perfused rat 
heart (Kashiwaya et al., 1994; Sato et al., 1995). The working perfused 
heart provides the complete data needed on the effects on redox and 
phosphorylation states, O  consumption, and metabolic efficiency. 
Addition of ketone bodies to the glucose perfused heart resulted in a 
reduction of the mitochondrial NAD- couple, an increase in the ΔG’ of 
ATP, and a decrease in glucose use, indicating that the metabolism of 
ketone bodies replaced in large part the heart’s need for glucose to 
supply its metabolic energy (Sato et al., 1995).

More remarkably, the addition and metabolism of ketone bodies, like 
addition of insulin, increased the joules of hydraulic work put out by the 
heart per mole of O  consumed (Kashiwaya et al., 1994), demonstrating 
that either ketone bodies or insulin could improve the metabolic 
efficiency of the working heart. Moreover, ketone body metabolism can 
mimic the metabolic effects of insulin (Kashiwaya et al., 1994). This 
increase in the efficiency of hydraulic work of the heart induced by either 
ketone bodies or insulin indicated an increase in the efficiency of 
mitochondrial energy generation. That increase in mitochondrial energy 
generation could later be translated into an increased physiological 
performance in elite athletes or in disease states where metabolic energy 
generation is deficient.

A detailed examination of the metabolites of the Krebs tricarboxcylic acid 
cycle showed that addition of insulin to the working glucose-perfused 
heart increased acetyl CoA content ninefold, while addition of 4-mM 
ketone bodies increased acetyl CoA 15-fold. This very large increase in 
acetyl CoA in the case of insulin addition was caused by that hormone’s 
increased PDH activity, the enzymatic gateway to the Krebs cycle (Coore 

2
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et al., 1971; Taylor and Jungas, 1974; Taylor et al., 1975). The even larger 
increase in acetyl CoA caused by the metabolism of ketone bodies 
demonstrated that metabolism of ketone bodies could bypass the major 
metabolic block in insulin sensitivity. The metabolism of ketone bodies 
mimics the effect of insulin’s activation of PDH by producing acetyl CoA 
from the ketone body acetoacetate via the succinyl CoA transferase 
reaction (Sato et al., 1995). The metabolism of ketone bodies mimics a 
major metabolic effect of insulin (Kashiwaya et al., 1997) and could 
therefore overcome insulin resistance, which is a common factor in many 
disease (Scheuermann-Freestone et al., 2004; Zhai et al., 2011) or injury 
states (Li and Messina, 2009), including the brain (Talbot et al., 2012) of 
Alzheimer’s disease patients.

The Krebs cycle is the major energy-producing metabolic pathway, which 
results in the aerobic production of ATP by the complete oxidation of 
glucose. In brain, glucose is essentially the only energy-producing 
substrate under fed conditions. The entry of glucose into the Krebs cycle 
occurs through the production of acetyl CoA from pyruvate in a reaction 
catalyzed by PDH. The speed of that essential reaction is increased by 
insulin and decreased by loss of sensitivity to insulin. The variation in the 
speed of this reaction strongly suggests the loss of sensitivity of the 
brain’s PDH to insulin is the root cause of Alzheimer’s disease.

Other metabolic changes of importance also occur with addition of ketone 
bodies or insulin. The ratio of [isocitrate]/[α-ketoglutarate] is increased by 
both, indicating a reduction of the free NADP system (Krebs and Veech, 
1969). The free mitochondrial [NAD ]/[NADH] ratio is also reduced 3- to 
10-fold by the addition of either ketone bodies or insulin. Also of major 
significance is the increase in the ratio of [fumarate]/[succinate], 
indicating an oxidation of Q as seen in the ratio of [Coenzyme Q]/
[Coenzyme QH ] (Bergman et al., 2010). The increase in the redox span 
between the free mitochondrial NAD and Q couples indicates an increase 
in the ΔG of ATP hydrolysis from −53 to −60 kJ /mole in spite of a 
decrease in O  consumption from 18.5 to 16–17 μmol/min. An increase in 
the energy of ATP hydrolysis per O  consumed was observed with the 
addition of either ketone bodies or insulin (see Figures 26.2 and 26.3) 
(Sato et al., 1995).

+

2
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Figure 26.2
The study of perfused rat hearts treated with glucose, glucose + insulin, 
glucose + ketone (D-β-hydroxybutyrate), or glucose +insulin + ketone (D-
β-hydroxybutyrate). The relevant pathways are shown along with 
concentration changes relative to just glucose.

Images are modified from Sato 1995 (Sato et al., 1995) originally drawn 
by Y. Kashiwaya.
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Figure 26.3
The study of perfused rat hearts treated with glucose, glucose + insulin, 
glucose + ketone (D-β-hydroxybutyrate), or glucose +insulin + ketones 
(D-β-hydroxybutyrate). The relevant pathways are shown along with the 
relevant measures of ∆G, Gibbs free energy calculated for the 
nonstandard concentrations, E, reduction potentials based on actual 
concentrations, VO2 is oxygen consumption in mL/kg/min.

Images are modified from Sato 1995 (Sato et al., 1995) originally drawn 
by Y. Kashiwaya.

What Forms of Ketone Bodies are Available?

Following the realization of the widespread effects of ketone body 
metabolism on the redox and phosphorylation states (Sato et al., 1995) 
and metabolic efficiency, it was recognized that therapeutic effects could 
result from the administration of ketone bodies (Cahill and Veech, 2003;
Veech et al., 2001). During prolonged fasting (3 days) blood ketone body 
levels reach 5–7 mM (Cahill and Aoki, 1980). This blood level of ketone 
bodies results from the endogenous production of about 150 g of ketone 
bodies per day (Reichard et al., 1974). Therefore, to mimic the effects of 
the ketosis of starvation, about 150 g of ketone bodies, or about 1.5 
moles, would be required to mimic the effects of starvation while 
maintaining safe levels (5–7 mM) of ketones. It is important to note that 
the minimum effective dose of ketone bodies in various disease states has 
not been established and may be much less than the 150 g per day 
produced during prolonged starvation.

Administration of ketone bodies as a simple acid or salt would present an 
unsafe load of either counter ion. Accordingly, examination of a variety of 
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alcohols was undertaken. R-1,3 butanediol was the alcohol chosen, 
because it was converted in the liver to ketone bodies (Mehlman and 
Veech, 1972). Thus, a monoester of D-β-hydroxybutyrate –R-1,3 butanediol 
monoester presents no other metabolite load than the ketone body.

Additionally, the oxidation state of the ketone body being administered 
needs to be considered. Ketone bodies are readily interconverted 
between the oxidized form, acetoacetate, and the reduced form, D-β-
hydroxybutyrate.

While both forms of the ketone body can be metabolized, the energetic 
effects are quite different. Acetoacetate can readily be used in the 
Langendorf perfused heart, which is a simpler model than the working 
perfused heart (Williamson and Krebs, 1961). In the working perfused rat 
heart, D-β-hydroxybutyrate can be used to power the beating heart 
effectively. When acetoacetate is substituted, the heart fails (Taegtmeyer 
et al., 1980), showing that the excessive oxidation of the mitochondria 
NAD couple produced by acetoacetate impairs cardiac energy production. 
Although acetoacetate is attractive because of its low cost, clearly it 
should be avoided as a supplement and the more expensive chiral 
molecule D-β-hydroxybutyrate should be considered instead.

R-1,3 butanediol is converted to D-β-hydroxybutyrate, the physiological 
form of the ketone body, which is first oxidized to acetoacetate and then 
activated by succinyl CoA transferase to acetoacetyl CoA and hence to 2 
acetyl CoA s by thiolase (see Figure 26.1). In contrast, S 1,3 butanediol is 
converted to L-β hydroxybutyrate, which is activated by ATP and CoA to 
form L-β-hydroxybutyryl CoA and further metabolized by the β fatty acid 
oxidation pathway (Lehninger & Greville, 1953). The metabolic fates of 
the D versus the L form of β-hydroxybutyrate are quite different, as shown 
in Figure 26.4. Metabolism of one molecule of the physiological 
enantiomer D β-hydroxybutyrate consumes one molecule each of NAD , 
succinyl-CoA, CoASH, and CoQ and forms two molecules of acetyl-CoA, 
one molecule of fumarate, and one molecule each of the reduced forms of 
NAD  and coenzyme Q (QH ). On the other hand, metabolism of the 
nonphysiological enantiomer, L β-hydroxybutyrate consumes two 
molecules of CoA-SH, one molecule of NAD , and one molecule of ATP 
and forms two molecules of acetyl-CoA and one molecule each of AMP 
and pyrophosphate as well as one molecule of the reduced form of NAD . 
A second molecule of ATP is also consumed to convert the AMP formed to 
ADP.

+

+
2

+

+
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Figure 26.4
The metabolism and sum reactions for both D and L β-hydroxybutyrate.

Metabolism of the L form of β-hydroxybutyrate (A) uses two molecules of 
CoASH and one molecule each of ATP and NAD+ and forms 2 acetyl-CoAs 
and one molecule each of AMP, PPi, and reduced NAD+ (NADH, H+). 
Metabolism of the D form of β-hydroxybutyrate (B) on the other hand uses
one molecule each of NAD+, succ-CoA, CoASH, and CoQ and produces 
two molecules of acetyl-CoA and one molecule each of fumarate and the 
reduced forms of NAD+ (NADN, H+), and CoQ (CoQH2). Sum reactions 
for each isomer are given in C and D.

In metabolizing mid-chain triglycerides (see Figure 26.5), a reduced 
flavoprotein is produced in the β oxidation pathway, which results in a 
reduction of mitochondrial coenzyme Q, narrowing the redox span 
between mitochondrial NAD and Q and hence decreasing the energy 
available for ATP synthesis. This is in contrast to the increase in redox 
span that acompanies the metabolism of the physiological form of the 
ketone body, D-β-hydroxybutyrate (Sato et al., 1995).
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Figure 26.5
The beta-oxidation pathway of metabolizing fatty acids. The β fatty acid 
oxidation pathway produces 1 NADH and 1 flavoprotein compared with 
the two NADH’s produced by the oxidation of the physiologically normal 
D-β-hydroxybutyrate. Once you cycle down to the last two carbon atoms 
the terminal L-β-hydroxyacyl-CoA is L-β-hydroxybutyryl-CoA, not the D 
form of β-hydroxybutyrate.

It follows from the above, that the oxidized form of ketone body, 
acetoacetate, should not be included in esters for administration for the 
purpose of elevating ketone bodies because such solutions would oxidize 
the mitochondrial NAD couple and lower the energy available for the 
formation of ATP. Similarly, the use of racemic R, S 1.3 butanediol should 
not be used because the unphysiological S form undergoes β oxidation,
producing mitochondrial flavoprotein, thus decreasing the oxidation of 
the Q couple, which results from the metabolism of the physiological R-3-
hydroxybutyrate. Several studies using the acetoacetate and racemic 1,3 
butanediol ester have appeared (D’Agostino, 2013; Desrochers et al., 
1995). The effects of these ketone ester formulations would be quite 
different from those produced by the D-β-hydroxybutyrate–R-1, 3 
butanediol monoester.

Evidence presented here suggests that Alzheimer’s disease results from a 
deficit in cerebral energy generation, primarily due to a loss of insulin 
sensitivity in brain, and that amyloid accumulation results from this 
decrease in cerebral metabolic energy. The primary therapeutic target 
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would therefore become not the removal of amyloid but the overcoming 
of the block of cerebral metabolic energy production caused by cerebral 
insulin resistance. This could be achieved by (1) feeding a therapeutic 
amount of D-β-hydroxybutyrate–R 1,3 butanediol monoester, producing 
acetyl CoA without requiring the activity of brain PDH (Kashiwaya et al., 
2013; Newport et al., 2015). This approach has decreased amyloid and 
phosphorylated tau in the brains of triple transgenic mice and improved 
cognitive performance. In a single human subject, behavioral 
improvement on feeding ketone has been noted.

Alternatively, increasing the brain’s concentration of insulin by 
introducing insulin into brain through intranasal administration of insulin 
has been reported. This therapy also has proven successful in treating 
Alzheimer’s disease in a limited number of cases. Cerebrospinal fluid 
insulin levels were shown to be significantly lower in patients with 
Alzheimer’s than normal controls (Craft et al., 1998). The olfactory lobe 
contains the highest concentration of insulin receptors of any brain area 
(Kleinridders et al., 2014). Intranasal administration of large doses of 
insulin improve cognitive performance in patients with early cognitive 
impairment due to Alzheimer’s disease (Reger et al., 2008).

Ketone bodies mimic the metabolic effects of insulin. They increase the 
energy of ATP hydrolysis, decrease free radical damage, and increase the 
transcription of antioxidant enzymes by inhibiting histone deacetylase 
(Shimazu et al., 2013; Veech, 2014). In the genetic mouse model of early-
onset Alzheimer’s disease, feeding mice ketone esters resulted in a 
decrease in brain amyloid and phosphorylated tau accumulation as well 
as improvement in cognitive function (Kashiwaya et al., 2013). Feeding 
ketone ester to a patient with advanced Alzheimer’s disease improved his 
behavior and cognitive function (Newport et al., 2015). These results 
support the need for larger clinical trials of ketone esters in the 
treatment of Alzheimer’s disease and other diseases where insulin 
resistance is a major etiological factor.
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